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論 文 内 容 要 旨          
Fuel cells that convert chemical energy to electrochemical energy are in great demand due to their usefulness in 
energy conservation. Among the fuel cells, a solid oxide fuel cell (SOFC) as a high next-generation power source has 
attracted considerable interests due to its prominent advantages such as high efficiency, low pollutant emission, and low cost. 
Nowadays nickel-ceramic cermet are the most widely used anode materials of the SOFC because of their good 
electrocatalytic oxidation properties. During the operation of the SOFC, hydrogen molecules adsorb and dissociate on the 
surface of Ni particles. The dissociated hydrogen atoms diffuse to the triple phase boundary (TPB) area in order to react with 
the oxygen ions from the electrolyte. The TPB area is where nickel, ceramic, and gas fuel meet together. However, the 
surface mobility of nickel particle is very high at the high operating temperature because of the relatively low melting 
temperature. Therefore, the sintering of Ni particles takes place easily in the anode. The Ni particles form compact and large 
particles due to the sintering, which leads to a change in the anode microstructure. Consequently, it causes the discontinuous 
diffusion path of fuel, resulting in the concentration overpotential. Furthermore, the surface area and TPB length decrease 
during the sintering, which leads to the decreases in the adsorption and electrochemical reaction sites. Thus, the catalyst 
reactivity of Ni particles decreases. Therefore, the sintering of Ni particles is the main factor for the degradation of the SOFC 
performance, which prevents the SOFC from being used practically. To improve the durability of the anode, understanding 
of the sintering mechanism is crucial. For investigating the sintering mechanism, molecular dynamics (MD) simulation is an 
effective method. The conventional sintering MD simulation focused on two or three particle models. However, 
nickel-ceramic anode is a porous structure. The previous MD studies of the sintering were not able to reflect the effect of the 
porous structure, consequently, the sintering mechanism in the porous structure is still unclear. In this dissertation, a 
multi-nanoparticle sintering MD simulator is developed and used to investigate the sintering dynamics and degradation 
mechanism during the operation in order to contribute to the efforts of making SOFC more practical. The contents of this 
dissertation are organized as follows:  
Chapter 1 Introduction 
In this Chapter, the background and the motivation of this study are introduced. The purpose of this study is to 
improve the durability of SOFC anode. For achieving this purpose, a multi-nanoparticle modeling methodology is 
developed in order to take account into the effect of the porous structure on the sintering. Then, a reactive molecular 
dynamics simulator and a large-scale molecular dynamics simulator are developed. Finally, the sintering dynamics and 
degradation mechanisms are investigated by using the above developed multi-nanoparticle modeling methodology and 
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simulators. 
 
Chapter 2 Computational Methods 
In this Chapter, the computational methods used in this study are introduced. The details of MD method and density 
functional theory (DFT) are described.  
 
Chapter 3 Sintering Process of Two Ni Nanoparticles 
In this Chapter, an effective method for determining potential parameters between nickel and ceramic based on 
DFT calculations is established in order to perform the sintering MD simulation on Ni/YSZ system that is a typical SOFC 
anode material. Using the determined DFT-based potential parameters, the foundational sintering mechanism and the 
degradation mechanism in the model of two Ni nanoparticles on YSZ surface are investigated by using MD simulation at 
1073 K. Based on the sintering simulation, it is found that the dominant sintering mechanism of Ni nanoparticles on the YSZ 
surface is the surface diffusion. It is revealed that the surface area of Ni nanoparticles and the TPB length decrease as the 
result of the sintering. 
 
Chapter 4 Development of Multi-Nanoparticle Modeling Methodology   
Although the fundamental sintering mechanism is revealed in Chapter 3 by using two Ni nanoparticle model, the 
sintering of Ni nanoparticles in porous anode is still unclear. Since the effect of porous structure on the sintering is crucial to 
reveal the sintering mechanism in porous anode, a multi-nanoparticle modeling methodology is developed in this Chapter. 
Using the developed method, the effect of structure parameters such as porosity, framework, and ratio of nickel to ceramic 
nanoparticles on the sintering is reflected.  
 
Chapter 5 Effect of Porous Structure on Sintering and Degradation Anode Catalysts 
 Previous studies reported that the SOFC performance depends on the porosity. Thus, optimization of the porosity is 
important to improve the high durability of anode material. For this purpose, understanding of the porosity effect on the 
sintering and degradation is necessary. In this Chapter, the sintering dynamics and the porosity effect on the sintering and 
degradation are investigated by using the developed multi-nanoparticle modeling methodology. During the sintering, Ni 
nanoparticles form compact and large nanoparticles, whereas the YSZ nanoparticles are almost unchanged. These 
phenomena are in agreement with the experimental observation. Then, the porosity effect on the sintering and degradation is 
investigated. The sintering is inhibited with decreasing the porosity. Moreover, the sintering leads to decreases in the 
adsorption and chemical reaction sites, and the degradation correlates the degree of sintering. After the sintering, there are 
two local maximum values of the adsorption sites at the porosity around 0.25 and 0.50. Meanwhile, a local maximum value 
of the TPB length is observed at the porosity around 0.25. These suggest that there are large adsorption and reaction sites at 
the porosity of 0.25 after the sintering. 
 
Chapter 6 Sintering and Degradation of Ni/YSZ and Ni/ScSZ Anodes 
 In recent years, H. Sumi et al. reported the high output voltage and power density of Ni/ScSZ anode compared to 
those of Ni/YSZ anode. Understating of the sintering processes in Ni/YSZ and Ni/ScSZ is important to improve the 
durability of the SOFC. In this Chapter, the sintering simulations on the Ni/YSZ and Ni/ScSZ multi-nanoparticle models are 
performed by using the developed multi-nanoparticle modeling method. During the sintering simulations, sintering of Ni 
nanoparticles in Ni/ScSZ is inhibited by the strong attractive interaction of Ni-ScSZ compared to that of Ni-YSZ. Then, the 
degradation induced by the sintering is investigated. After the sintering, Ni/ScSZ anode shows the decreases in adsorption 
and chemical reaction sites are smaller than those of Ni/YSZ anode. It is revealed that Ni/ScSZ anode shows low 
degradation.  
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Chapter 7 Effect of Dopant on Sintering 
 The different sintering processes in the Ni/YSZ and Ni/ScSZ anodes have been revealed in Chapter 6. The dopant 
in ZrO2 has an important effect on the sintering processes in Ni/doped ZrO2 anode. However, the mechanism of the dopant 
effect on the sintering and a relationship between the dopant and the sintering have not yet been understood. It is already 
revealed that the surface diffusion is the major sintering mechanism in Chapter 3. To reveal the dopant effect on the sintering, 
the diffusion processes of a Ni atom on the surface of the ZrO2 doped with the different dopant are investigated using the 
DFT method. The results show that the surface structure is affected by the ionic radius of the dopant, which is consistent with 
the previous experimental results. The difference in the bond lengths of Zr-O and dopant-O induces the surface 
reconstruction and affects the most favored adsorption of the Ni atom on the doped ZrO2 surface. Increasing the difference in 
the bond lengths decreases the coordination number of surface oxygen atom neighbored the dopant, which leads to an 
increase in the most stable adsorption energy. Then, the potential energy surface is constructed in order to discuss the energy 
barrier along the low-energy diffusion path. It is found that the energy barrier for Ni atom diffusion on doped ZrO2 surface 
correlates with the dopant of ionic radius. The smaller ionic radius is, the higher the energy barrier. Thus, it is suggested that 
using the dopant of small ionic radius suppresses the sintering. 
 
Chapter 8 Development of Reactive Molecular Dynamics Simulator 
 To improve the SOFC performance, understanding of the effect of chemical reaction on the sintering during the 
operation is required. However, the conventional MD method is not able to take account into the chemical reaction. In 2001, 
A. C. T. van Duin et al developed a new reactive force field (ReaxFF) based on the concept of bond order. In this Chapter, a 
reactive molecular dynamics (RMD) simulator integrated ReaxFF is developed. A test simulation of Ni oxidation process is 
performed by using the developed RMD simulator. The oxidation of Ni nanoparticle proceeds via the outward diffusion of 
nickel atoms and inward diffusion of oxygen atoms. Meanwhile, it is found that the charge transfers from Ni atoms to 
oxygen atoms during the oxidation process. Therefore, the developed RMD simulator successfully simulated the chemical 
reaction process. 
 
Chapter 9 Effect of Water Vapor on Sintering 
 The fuel of hydrogen with some contents of water vapor improves the performance of the SOFC. However, 
acceleration of the sintering induced by water vapor during the operation of SOFC is observed by experiment. The 
accelerated mechanism has not been revealed so far. In this Chapter, the effect of water vapor on the sintering is revealed by 
using the developed RMD simulator. Simulation results show that the sintering process in water vapor environment is faster 
than that in vacuum environment, which is in agreement with previous experimental studies. In water vapor environment, 
the water molecules dissociate on surface of Ni nanoparticles and partial surface of Ni nanoparticles is oxidized by the 
dissociated water molecules. The bond of Ni-ONi between two Ni nanoparticles is observed before the sintering. Based on 
DFT calculations, strongest attractive interaction distance of Ni-ONi is around 2.9 Å, which is larger than that of Ni-Ni, 1.8 
Å. Meanwhile, the strongest attractive interaction of Ni-ONi is a little stronger than that of Ni-Ni. Thus, the sintering process 
in water vapor is accelerated. 
 
Chapter 10 Development of Large-Scale Molecular Dynamics Simulator 
 As introduced in the above, the sintering causes the change in the porous structure and the SOFC performance is 
strongly dependent on the Ni/YSZ porous structure. To investigate the degradation induced by the change in structure during 
the sintering, the large-scale sintering MD simulation is necessary. In this Chapter, a large-scale MD simulator based on the 
divide-and-conquer algorithm is developed. Then, some benchmark simulations are performed in order to test the developed 
large-scale MD simulator. In benchmark simulations, computational time decreases linearly with increasing the cores or 
nodes by using strong scalability, and parallel efficiency is 0.98 up to 16 nodes with the weak scalability. Therefore, the 
developed large-scale MD simulator shows a good scalability. At last, a sintering simulation using a large-scale model that 
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consists of 69,561,300 atoms is performed by using 768 cores, and the computational time shows that the developed 
simulator is able to investigate the sintering in the large model by using a normal cluster computer. 
 
Chapter 11 Evolution of Anode Microstructure and Degradation during Sintering Process by Large-Scale Molecular 
Dynamics Simulation 
 Sintering leads to a change in structure during the operation. Thus, the changes in the fuel and electron diffusion 
paths take place. Moreover, size of YSZ nanoparticles also affects the fuel and electron diffusion paths. To improve the 
durability of anode, understanding of change in microstructure during the sintering is necessary. In this Chapter, the 
evolution of the anode microstructure and degradation during the sintering in the model with the larger size of YSZ 
nanoparticles than that of Ni nanoparticles (No. 1 model) and model with the smaller size of YSZ nanoparticles than that of 
Ni nanoparticles (No. 2 model) are investigated by using the developed large-scale MD simulator. Sintering simulations 
show that decreasing size of the YSZ nanoparticles leads to a decrease in the pore size, which results in the inhibition of 
movement of Ni nanoparticles. Thus, the sintering is suppressed. Meanwhile, a large TPB length is observed in the No. 2 
model. During the sintering, both Ni nanoparticles and pore increase in the No. 1 model. It leads to the discontinuous 
diffusion path for the gas fuel, indicating the concentration overpotential. Thus, decreasing size of YSZ nanoparticles 
suppresses the degradation induced by the change in anode microstructure after the sintering. 
 
Chapter 12 General Conclusions 
 In this Chapter, the results of each Chapter in this dissertation are summarized. 
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